ELSEVIER 


Available  online  at  www.sciencedirect.com 


SCIENCE 


DIRECT9 


Journal  of  Power  Sources  144  (2005)  11-20 


JOURNAL  OF 


www.elsevier.com /locate /jpowsour 


PtCo/C  cathode  catalyst  for  improved  durability  in  PEMFCs 

Ping  Yu*,  Marianne  Pemberton,  Paul  Plasse 

UTC  Fuel  Cells  LLC,  195  Governor’s  Highway,  South  Windsor,  CT  06074,  USA 

Received  12  November  2004;  accepted  30  November  2004 
Available  online  19  February  2005 


Abstract 

A  major  challenge  to  the  application  of  Pt-transition  metal  alloys  in  PEMFCs  is  the  stability  of  the  Pt  alloy.  This  work  intends  to  evaluate 
the  durability  of  PtCo/C  cathode  catalyst  in  a  dynamic  fuel  cell  environment  with  continuous  water  fluxing  on  the  cathode.  A  potential  cycling 
test  between  0.87  and  1.2  Y  versus  RHE  was  applied  to  the  system  to  illustrate  how  cobalt  or  platinum  dissolution  might  affect  the  cell 
performance.  The  results  indicate  that  cobalt  dissolution  neither  detrimentally  reduces  the  cell  voltage  nor  dramatically  affects  the  membrane 
conductance.  Cell  performance  enhancement  by  PtCo/C  over  Pt/C  catalyst  has  been  sustained  over  2400  cycles  and  the  overall  performance 
loss  of  the  PtCo/C  membrane  electrode  assemblies  (MEAs)  was  less  than  that  of  the  Pt/C  MEA.  Potential  cycle  testing  has  been  shown  to 
accelerate  cobalt  dissolution  as  indicated  in  a  substantial  loss  of  catalyst  activity  in  the  1st  400  potential  cycles. 

©  2005  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Platinum  alloys  as  cathode  catalysts  have  attracted  wide 
attention  as  a  candidate  to  achieve  high  performance,  to  in¬ 
crease  in  power  density,  and  to  reduce  a  component  cost  of 
PEMFCs  [1,2].  Extensive  research  has  been  conducted  in 
areas  of  new  alloy  development  and  understanding  of  mech¬ 
anisms  of  electrochemical  oxygen  reduction  reaction  (ORR) 
[1-11].  However,  a  relatively  small  number  of  publications 
are  related  to  the  durability  of  Pt  alloys  in  the  fuel  cell  envi¬ 
ronment  [13-17].  One  concern  with  Pt  alloys  in  fuel  cells  is 
dissolution  of  transition  metal.  Pourbaix  diagrams  [18]  indi¬ 
cate  that  most  metals  such  as  Co,  Cr,  Fe,  Ni,  Mn,  Cu,  and  V  are 
soluble  at  a  potential  between  0.3  and  1  V  versus  SHE  and  at 
pH  of  around  0.  The  value  of  0  is  a  typical  pH  of  the  medium 
to  which  Pt  alloys  are  subjected  to  with  perfluorosulfonic  acid 
(PFSA)  as  an  electrolyte  in  PEMFCs.  The  dissolution  of  tran¬ 
sition  metals  in  Pt  alloys  could  result  in  a  decrease  of  catalyst 
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activity  for  ORR  if  the  catalyst  activity  is  enhanced  by  the  ad¬ 
dition  of  transition  metal  in  the  platinum  crystal  structure  [3]. 
Metal  cations  from  the  dissolution  could  easily  exchange  with 
a  proton  of  PFSA  membrane/ionomer  because  of  a  stronger 
affinity  of  metal  cations  than  proton  with  the  sulfonic  group 
[15] .  Exchange  of  metal  cations  with  the  sulfonic  group  might 
affect  the  performance  of  the  fuel  cell  as  categorized  to  three 
aspects  [15]:  (i)  decreasing  ionomer/membrane  conductivity, 
as  an  example  given  by  Okada  [15],  the  ionic  conductivity 
of  Nafion  decreases  by  50%  when  20-25%  ionomer  proton 
sites  were  exchanged  with  Cu2+  upon  soaking  the  membrane 
in  a  liquid  copper  salt  solution;  (ii)  reducing  water  content 
and  dehydrating  membranes;  Okada  et  al.  reported  [16]  that 
the  water  content  (A)  in  Nafion  117  decreased  from  22  to  20 
as  the  iron  ion  exchanged  increased  from  0  to  75%;  (iii)  sup¬ 
pressing  oxygen  reduction  kinetics  by  a  decrease  of  oxygen 
concentration  or  oxygen  diffusion  coefficient  in  ionomer  film. 
It  was  shown  by  Okada  et  al.  [19]  that  the  activity  for  ORR 
decreased  by  ca.  22%  when  a  Nafion  film  was  exchanged 
with  Ni2+  to  about  a  1-10%  level.  All  three  effects  obvi¬ 
ously  could  reflect  on  the  cell  voltage,  i.e.,  could  lead  to  a 
performance  degradation  of  the  PEMFCs  and  could  be  detri¬ 
mental  to  the  commercialization  of  longer  lifetime  PEMFC 
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cell  stacks.  Investigation  of  this  issue  and  developing  a  miti¬ 
gation  strategy  is  essential  to  ensure  a  successful  application 
of  Pt  alloy  catalysts  in  PEM  cell  stacks. 

It  is  noted  that  most  metal  contamination  tests  illustrated 
in  the  literatures  were  conducted  in  an  ex  situ  fuel  cell  envi¬ 
ronment  with  a  static  mode  [  1 5- 1 7 , 1 9] .  In  that  case,  a  piece  of 
membrane  was  immersed  in  an  aqueous  solution  of  a  known 
cation  concentration  for  a  period  of  time  and  there  was  an  ac¬ 
cumulated  effect  on  membrane  properties  because  no  excess 
water  was  introduced  to  the  membrane  surface  for  remov¬ 
ing  cation  contaminants.  This  is  different  from  a  fuel  cell 
operation  mode  in  which  water  continuously  generated  on 
the  cathode  by  an  oxygen  reduction  fluxes  to  the  catalyst 
layer,  which  will  carry  metal  cations  to  exit  a  cell  stack.  If 
the  flow  rate  is  high  enough  on  the  cathode,  a  significant  por¬ 
tion  of  cation  could  be  removed  from  the  cell  stack  without 
much  exchange  to  the  membrane/ionomer.  In  this  case,  mem¬ 
brane  conductance  will  not  be  detrimentally  altered  as  long 
as  water  continuously  fluxes  out  and  cell  performances  will 
not  be  dramatically  affected  accordingly.  In  this  case,  cell 
stack  design  and  water  management  are  critical  in  excluding 
metal  contaminants  before  the  detrimental  effect  takes  place. 
Therefore,  it  is  essential  to  investigate  the  dynamic  effects  of 
metal  dissolution  on  cell  performance  under  fuel  cell  opera¬ 
tion  conditions  and  in  a  real  design  configuration. 

This  work  intends  to  evaluate  the  stability  of  PtCo/C  cat¬ 
alysts  under  PEMFC  operating  conditions  and  to  investigate 
possible  influences  of  cobalt  or  platinum  dissolution  on  oxy¬ 
gen  reduction  kinetics,  membrane  conductance,  and  mass 
transport  resistance. 

2.  Experimental 

PtCo/C  catalyst  supported  on  carbon  with  platinum  load¬ 
ing  of  approximately  50wt%  was  prepared  with  a  wet 
chemistry  procedure  [21].  In  brief,  2g  Ketjen  Black  EC- 
300  J  (Akzo  Nobel)  powder  as  a  carbon  support  was  dis¬ 
persed  in  deionized  (DI)  water,  5.75  g  chloroplatanic  acid 
(H2PtCl6-6H20,  Alfa  Aesar)  as  a  platinum  salt  was  added  to 
the  dispersion  and  5  ml  37%  formaldehyde  (HCOH,  Aldrich) 
as  a  reducing  agent  was  introduced  afterward.  In  order  to  con¬ 
trol  the  platinum  particle  size  [20],  carbon  monoxide  (20% 
CO  in  N2,  Praxair)  was  flowed  to  the  dispersion  when  Pt  was 
deposited  on  carbon.  After  being  filtered,  washed  with  DI 
water  and  dried  in  a  vacuum  oven  at  90  °C,  the  Pt/C  catalyst 
precursor  was  redispersed  in  1 .03  g  of  cobalt  nitrate  solu¬ 
tion  (Co(N03)2-6H20,  Fisher),  and  the  mixture  was  dried  at 
90  °C.  The  dried  mixture  of  Pt/C  and  Co(N03)2  was  then 
heat-treated  at  900  °C  for  1  h  under  a  continuous  flow  of  Ar 
gas  (99.9%,  Praxair).  This  step  was  to  reduce  Co2+  ion  to 
Co  metal  by  carbothermal  reduction  [21]  and  to  alloy  the  Pt 
and  Co  metals.  The  blackish  powder  produced  after  the  heat 
treatment  was  the  PtCo/C  catalyst  used  for  all  the  forthcoming 
durability  evaluations  in  this  communication.  For  compari¬ 
son  purpose,  platinum  catalyst  (TEC10E50E)  supported  on 


carbon  prepared  by  Tanaka  Kikinzoku  Kogyo  K.K.  (TKK, 
Japan)  was  used  as  a  baseline.  Platinum  metal  loading  of 
the  Pt/C  catalyst  is  48.4  wt%.  Pt/C  in  the  reminder  of  the 
manuscript  refers  to  the  commercial  48.4  wt%  Pt/C  catalyst 
from  TKK. 

Membrane  electrode  assemblies  (ME As)  used  in  this 
study  were  prepared  with  the  PtCo/C  or  Pt/C  catalyst  for  the 
cathode  and  Pt/C  catalyst  for  the  anode.  Platinum  loading  was 
0.4  mg  cm-2  on  each  electrode  layer  of  the  MEA.  Nation  112 
film  with  a  thickness  of  50  jam  (DuPont)  was  used  as  a  mem¬ 
brane  and  Toray  H065  carbon  paper  (Toray  Industries,  Japan) 
with  a  thickness  of  175  jxm  was  used  as  a  gas  diffusion  layer. 
MEAs  were  fabricated  by  coating  a  catalyst  ink  mixture  of 
30  wt%  Nation  (5  wt%  Nation  solution,  Aldrich)  and  70  wt% 
catalyst  on  each  side  of  membrane.  A  MEA  was  sandwiched 
between  two  gas  diffusion  layers  to  form  a  cell  assembly. 
The  active  area  of  the  MEA  was  25  cm2.  Cell  operation  con¬ 
ditions  were  65  °C  and  101  kPa  (absolute).  Both  hydrogen 
and  air  (or  oxygen)  reactants  were  internally  humidified  in  a 
cell  configuration,  where  a  porous  water  transport  plate  was 
employed  as  a  bipolar  plate  [22,23]  and  a  full  humidity  of 
reactants  is  assumed. 

After  initial  performance  evaluation  on  the  MEAs,  a  po¬ 
tential  cycling  test  was  conducted  to  investigate  possible  ef¬ 
fects  of  metal  dissolution  on  cell  performances.  This  was  done 
by  subjecting  the  cathode  side  of  the  cell  to  a  potential  cy¬ 
cling  between  0.87  and  1.2  V  versus  RHE.  A  potential  square 
wave  generated  by  a  Potentiostat/Galvanostat  Model  273 A 
(EG&G  Princeton  Applied  Research)  was  used  with  a  time 
step  of  30  s  at  each  potential.  The  potential  limit  of  0.87  V 
versus  RHE  was  chosen  to  mimic  the  cathode  potential  un¬ 
der  H2/air  operation  condition  and  at  a  low  current  density, 
while  the  potential  limit  of  1.2  V  versus  RHE  was  selected 
to  simulate  the  cathode  potential  at  open  circuit  condition  of 
fuel  cells  with  air  flowing  to  both  anode  and  cathode.  Hy¬ 
drogen  fuel  was  fed  to  the  anode  and  nitrogen  to  the  cathode 
during  testing.  The  purpose  of  this  test  was  to  force  a  con¬ 
siderable  dissolution  of  metals  from  the  alloy  including  both 
platinum  and  cobalt  and  then  to  investigate  possible  effects  of 
metal  dissolution  on  cell  performances.  Cell  diagnosis  such 
as  H2/air  and  H2/O2  performances  were  periodically  evalu¬ 
ated  after  every  400  potential  cycles.  Membrane  resistance 
and  cathode  electrochemical  area  (ECA)  of  platinum  were 
evaluated  at  the  same  time.  In  total,  2400  cycles  were  con¬ 
ducted  in  each  cell.  The  flow  rate  of  hydrogen,  air  and  oxygen 
was  fixed  to  be  500,  3000,  and  1000  cm3  min-1 ,  respectively, 
during  performance  evaluation.  Cyclic  voltammograms  for 
ECA  determination  were  taken  with  4%  H2  balance  with  N2 
on  the  anode  and  DI  water  on  the  cathode  at  65  °C  and  all  data 
points  were  collected  using  CorrWare  Software  (Scribner  As¬ 
sociates  Inc.).  A  typical  ECA  was  determined  by  calculating 
the  hydrogen  adsorption  charge  on  the  platinum  surface  and 
dividing  the  charge  over  a  value  of  210  C  cm-2  assuming  a 
monolayer  adsorption  of  hydrogen  atom  on  platinum  surface. 

MEAs  before  and  after  cell  testing  and  catalysts  were 
characterized  to  determine  alloy  physical  properties.  Anal- 
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ysis  on  metal  element  distribution  in  cross-section  of  MEA 
was  performed  with  JEOL  8900  Electron  Probe  Analyzer.  X- 
ray  diffraction  (XRD)  analysis  was  conducted  with  Rigaku 
RU-200B  unit  using  a  rotating  Cu  anode  to  investigate  vari¬ 
ation  of  catalyst  crystal  structure.  Transmission  electron  mi¬ 
croscope  (TEM)  with  Philips  FEI  CM2000  unit  was  used 
to  overview  the  surface  morphology  of  catalyst  and  to  de¬ 
termine  the  particle  distribution.  Inductively  couple  plasma 
(ICP)  analysis  with  a  model  TJA  was  conducted  to  determine 
catalyst  composition  and  dissolved  metal  concentration  in  a 
solution. 


3.  Results  and  discussions 

3.1.  PtCo/C  and  Pt/C  catalyst  characterization 

Platinum  crystal  structure  and  particle  distribution  of 
PtCo/C  catalyst  powder  were  characterized  with  XRD  and 


Table  1 


Properties  of  PtCo  and  Pt  catalysts  determined  by  XRD 


Catalyst 

Lattice 

parameter  (nm) 

Crystal 
size  (nm) 

Composition  (wt%) 

Pt 

Co 

Pt/C 

0.392 

2.50 

48.4 

PtCo/C 

0.382 

4.55 

46.8 

5.2 

TEM  and  the  results  are  given  in  Figs.  1  and  2,  respectively. 
Pt/C  catalyst  was  evaluated  as  well  for  comparison.  As  ob¬ 
served  in  Fig.  1,  the  diffraction  pattern  of  PtCo/C  is  similar  to 
Pt/C  catalyst  in  terms  of  peak  position  and  peaks  of  Pt/C  cat¬ 
alyst  appears  wider  than  those  of  PtCo/C  catalyst.  It  is  noted 
that  no  individual  peaks  of  cobalt  were  detected,  which  in¬ 
dicates  cobalt  might  be  fully  incorporated  into  the  Pt  crystal 
to  form  an  alloy  since  the  ICP  data  confirms  an  existence 
of  cobalt  in  the  alloy.  Lattice  parameter  and  particle  size  of 
the  PtCo/C  catalyst  were  calculated  from  the  patterns  and  are 
summarized  in  Table  1.  As  shown  in  Table  1,  the  average 
crystal  size  of  Pt  in  PtCo/C  catalyst  was  4.55  nm,  which  was 


[03-172. MDI]  Pt/C.  638P4.  black  pressed  powder  <Psi=0.0> 


(a)  2-Theta(°) 


[03-1 74. MDI]  CoPt/C  (nb638p5),  black  pressed  powder  <Psi=0.0> 


Fig.  1.  XRD  patterns  of  (a)  Pt/C  catalyst  (TKK  catalyst)  and  (b)  PtCo/C  alloy  catalyst. 
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greater  than  Pt/C  catalyst  of  2.5  nm.  The  lattice  parameter  of 
platinum  in  PtCo/C  catalyst  was  0.382  nm,  which  is  smaller 
than  Pt/C  catalyst  of  0.392  nm.  The  decrease  in  lattice  param¬ 
eter  of  PtCo/C  alloy  indicates  that  addition  of  cobalt  in  the  Pt 
crystal  reduced  the  spacing  of  Pt-Pt  atoms,  which  are  consid¬ 
ered  to  be  a  mechanism  for  enhancement  of  oxygen  reduction 
activity  [3].  Fig.  2  shows  TEM  surface  images  of  PtCo/C  and 


*  4/ 


Fig.  2.  TEM  images  of  (a)  Pt/C  catalyst  (TKK  catalyst)  and  (b)  PtCo/C  alloy 
catalyst. 


Fig.  3.  Initial  F^/air  performance  curves  of  MEAs  with  Pt/C  catalyst  or 
PtCo/C  catalyst  on  the  cathode  at  65  °C.  The  flow  rates  of  H2  and  air  are  500 
and  3000  cm3  min- 1 ,  respectively. 

Pt/C  catalysts.  A  considerable  uniformity  of  catalyst  particle 
is  observed  for  both  PtCo/C  and  Pt/C  catalysts.  Particle  size 
of  PtCo/C  catalyst  is  greater  than  Pt/C  catalyst,  which  agrees 
with  the  XRD  results.  Composition  of  PtCo/C  catalyst  was 
determined  with  the  inductively  couple  plasma  method  and 
listed  in  Table  1 .  The  composition  of  the  PtCo/C  catalyst  was 
46.5  wt%  Pt  and  5.6  wt%  Co  and  an  atomic  ratio  of  Pt:Co 
is  2.5:1  accordingly.  The  Pt  loading  of  46.5  wt%  in  PtCo/C 
catalyst  was  comparable  to  the  Pt  loading  of  48.4  wt%  in  Pt/C 
catalyst. 

To  evaluate  a  cell  performance  of  Pt/C  or  PtCo/C  catalyst, 
MEAs  with  platinum  alone  or  alloy  catalyst  on  the  cathode 
were  fabricated  and  tested  in  a  5  cm  x  5  cm  (length  x  width) 
subscale  cell  at  65  °C  and  101  kPa  (absolute).  Fig.  3  presents 
H2/air  cell  performance  curves  of  both  MEAs.  The  cell  was 
held  at  each  current  density  for  5  min  before  the  cell  voltage 
were  record  and  the  polarization  curves  were  taken  from  high 
to  low  current  density.  As  evident  in  Fig.  3,  the  cell  voltage 
of  PtCo/C  ME  A  was  about  10-30  mV  greater  than  that  of 
Pt/C  MEA  in  a  current  density  range  of  0.1-1  A  cm-2,  in¬ 
dicating  a  kinetic  enhancement  by  the  PtCo/C  catalyst.  The 
kinetic  enhancement  by  the  PtCo/C  catalyst  over  Pt/C  cata¬ 
lyst  generally  agrees  with  the  literature  [6,12,24].  However, 
the  amount  of  improvement  is  slightly  lower  than  the  values 
reported  in  the  literature  [6],  which,  however,  is  not  of  major 
interest  in  this  investigation. 

3.2.  Durability  testing 

Pourbaix  diagram  [18]  shows  that  platinum  is  unstable  at 
a  potential  range  of  1.0-1. 2  V  versus  SHE  and  pH  of  less 
than  or  equal  to  1.  Experimentally,  Kinoshita  [25]  did  poten¬ 
tial  cycling  on  Pt  catalyst  supported  on  carbon  in  1  M  H2SO4 
with  1  cycle  min-1  between  0.05  and  1.25  V.  He  found  the 
platinum  surface  area  loss  of  70%  after  3500  cycles  due  to 
platinum  dissolution.  Patterson  [26]  investigated  the  effect 
of  potential  cycling  on  a  polymer  electrolyte  membrane  fuel 
cell  and  he  found  50%  surface  area  of  platinum  was  lost  after 
6500  cycles  between  0.87  and  1 .2  V  with  1  cycle  min-1 .  This 
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corresponds  to  a  performance  loss  of  about  20  mV.  Theoret¬ 
ically,  Darling  and  Meyers  developed  a  mathematical  model 
[27]  and  predicted  that  platinum  is  more  vulnerable  to  dis¬ 
solution  at  a  transient  condition  of  0.87  to  1.2  V  than  at  a 
constant  potential  of  above  1.2  V.  As  PtCo/C  catalyst  is  get¬ 
ting  more  interest  as  a  cathode  candidate  for  the  application  in 
PEMFCs,  concern  with  the  dissolution  of  cobalt  is  also  rising. 
Does  dissolution  of  cobalt  metal  accelerate  cell  performance 
degradations?  If  yes,  how?  To  address  these  questions,  a  po¬ 
tential  cycling  test  was  conducted  by  subjecting  the  cathode 
side  of  the  cell  to  a  potential  square  wave  of  0.87  and  1.2  V 
versus  RHE  with  a  time  step  of  30  s  at  each  potential.  Cell 
diagnosis  such  as  H2/air  and  H2/O2  cell  performances  were 
periodically  evaluated  after  every  400  cycles.  Membrane  re¬ 
sistance  and  cathode  ECA  were  evaluated  at  the  same  time. 

Fig.  4  displays  H2/air  cell  performance  of  the  PtCo/C 
MEA  and  the  Pt/C  ME  A  after  every  400  cycles  (H2/O2  cell 
performance  curves  are  not  displayed  in  Fig.  4).  It  is  ob¬ 
served  that  H2/air  cell  performance  curve  of  the  Pt/C  MEA 
spread  out  over  cycles  with  more  performance  degradation 
on  a  longer  cycle.  In  contrast,  there  was  less  performance  loss 
on  the  PtCo/C  MEA.  To  investigate  closely,  two  types  of  de¬ 
cay  rates  of  each  MEA  are  taken  from  Fig.  4.  One  was  taken 
at  0. 1  A  cm-2  of  H2/O2  curve  to  reveal  a  possible  effect  of 


(a)  Current  Density  (m A  cm'2) 


(b)  Current  Density  (m A  cm'2) 

Fig.  4.  Cell  H2/air  performance  curves  of  (a)  Pt/C  MEA  and  (b)  PtCo/C 
MEA  after  potential  cycling  for  every  400  cycles  between  0.87  and  1 .2  V  vs. 
RHE.  The  flow  rates  of  H2  and  air  are  500  and  3000  cm3  min-1 ,  respectively. 
The  cell  temperature  was  65  °C. 


metal  dissolution  on  the  oxygen  reduction  kinetics  only.  An¬ 
other  rate  was  determined  at  0.5  A  cm-2  of  the  H2/air  curve 
to  investigate  a  possible  effect  of  metal  dissolution  on  both 
mass  transfer  resistance  and  kinetics.  Fig.  5  illustrates  these 
decay  rates  at  various  cycles.  As  shown  in  Fig.  5,  most  de¬ 
cay  rates  of  PtCo/C  MEA  except  in  the  1  st  400  cycles  were 
smaller  than  those  of  Pt/C  MEA.  For  example,  the  overall 
decay  rate  of  PtCo/C  MEA  at  0. 1 A  cm-2,  H2/O2  curve  over 
2400  cycles  was  3.75  jxV  cycle-1,  which  was  65%  lower  than 
that  of  Pt/C  MEA  of  1 1  p,V  cycle-1  Similarly,  the  overall  de¬ 
cay  rate  of  PtCo/C  MEA  at  0.5  A  cm-2  of  H2/air  over  2400 
cycles  was  4.1  p/V  cycle-1,  which  was  80%  less  than  28  jxV 
cycle  of  Pt/C  MEA.  These  results  indicate  that  dissolution 
of  platinum  or  cobalt  did  not  impose  a  more  severe  impact 
on  cell  performances  of  PtCo/C  MEA  than  Pt/C  MEA,  espe¬ 
cially  on  the  mass  transfer  resistance  related  to  the  membrane 
conductance.  To  investigate  a  possible  effect  of  metal  dissolu¬ 
tion  on  membrane  conductance,  resistances  of  membrane  in 
both  MEAs  were  determined  with  a  current  interruption  tech¬ 
nique  and  are  summarized  in  Fig.  6.  It  is  noted  that  membrane 
resistances  of  PtCo/C  MEA  were  constant  at  the  value  of 
0.088  Q  cm2  over  2400  potential  cycles,  while  the  membrane 
resistances  of  Pt/C  MEA  were  in  range  of  0.086-0.09  Q  cm2 
and  increased  by  5%  over  2400  cycles.  This  suggests  that 
dissolved  cobalt  did  not  dramatically  increase  the  membrane 
resistance  in  the  PtCo/C  MEA  by  exchanging  with  protons 
of  Nation  membrane. 

To  understand  the  differences  in  the  cell  performance  and 
membrane  resistance  of  the  PtCo/C  MEA  and  the  Pt/C  MEA, 
surface  images  and  cross-section  element  distribution  of  plat¬ 
inum  or  cobalt  before  and  after  potential  cycling  were  ana¬ 
lyzed  with  EMPA  and  are  shown  in  Figs.  7  and  8,  respectively. 
The  segments  of  before  cycling  were  taken  from  an  inactive 
area  of  MEA  that  was  covered  by  Teflon  interfacial  seals.  As 
shown  in  Fig.  7(a)  and  Fig.  8(a),  platinum  before  cycling  was 
uniformly  distributed  on  both  cathode  and  anode  segments 
at  a  thickness  of  15-20  pm.  However,  distributions  of  plat¬ 
inum  across  the  MEAs  after  cycling  were  different  as  shown 
in  Fig.  7(b)  and  Fig.  8(b).  A  bright  and  dense  platinum  band 
was  detected  at  the  interface  of  cathode  and  membrane  for 
the  PtCo/C  MEA,  while  a  bright  platinum  band  was  observed 
in  the  membrane  of  the  Pt/C  MEA  after  the  same  cycle  test¬ 
ing.  These  platinum  bands  were  thought  to  be  precipitation 
of  Pt  after  it  dissolved  from  the  cathode  when  cycling  be¬ 
tween  0.87  and  1.2  V  versus  RHE  and  then  diffused  into  the 
membrane  [26] .  It  is  not  fully  understood  why  the  precipita¬ 
tion  site  of  platinum  in  the  PtCo/C  MEA  was  different  from 
the  Pt/C  MEA,  however,  it  is  suspected  that  this  could  be 
resulted  from  a  difference  in  potential  profile  across  the  cath¬ 
ode/membrane  of  the  PtCo/C  MEA  versus  Pt/C  MEA.  It  is 
noted  in  Fig.  7  that  no  cobalt  element  was  detected  in  either 
the  membrane  or  the  anode,  suggesting  that  cobalt  did  not  mi¬ 
grate  or  precipitate  to  the  membrane/anode  during  cycling. 
These  results  combined  with  the  membrane  resistance  data 
in  Fig.  6  confirm  that  dissolution  of  cobalt  did  not  impose  an 
impact  on  the  membrane  conductance  of  the  PtCo/C  MEA. 
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Fig.  5.  Decay  rates  of  Pt/C  MEA  and  PtCo/C  MEA  after  potential  cycling  with  H2/N2  for  various  cycles  between  0.87  and  1.2  V  vs.  RHE  (a)  at  0.1  A  cm-2, 
H2/O2  and  (b)  at  0.5  A  cm-2,  F^/air.  The  flow  rates  of  H2,  air,  and  O2  are  500,  3000,  and  1000  cm3  min-1 ,  respectively.  The  cell  temperature  was  65  °C.  Data 
were  extracted  from  Fig.  4. 


On  the  other  hand,  dissolution  and  precipitation  of  platinum 
in  the  membrane  of  the  Pt/C  MEA  influences  the  membrane 
resistance  as  shown  in  Fig.  6.  Addition  of  cobalt  to  the  plat¬ 
inum  catalyst  altered  the  site  of  platinum  precipitation  in  the 
MEAs  and  maintained  the  membrane  conductance  over  2400 
cycles. 

Fig.  5(a)  also  shows  that  the  decay  rate  at  0. 1  A  cm-2  after 
the  first  400  cycles  of  H2/O2  was  15  jjiV  cycle-1  (6  mV  in  the 


Fig.  6.  Membrane  resistance  as  a  function  of  cycle  number  for  PtCo/C  and 
Pt/C  MEAs. 


total  voltage  drop)  for  PtCo/C  MEA,  about  50%  greater  than 
the  rate  of  lOptV  cycle-1  (4  mV  in  the  total  voltage  drop) 
for  Pt/C  MEA  at  the  same  condition.  It  is  also  noted  that 
this  decay  rate  of  the  PtCo/C  MEA  was  also  much  higher 
than  those  subsequent  cycles.  To  investigate  what  caused  this 
significant  performance  decay  in  the  first  400  cycles,  two 
aspects  were  reviewed:  (i)  EC  As  of  the  MEAs  over  potential 
cycling;  this  intends  to  investigate  if  platinum  dissolution  in 
PtCo/C  catalyst  was  more  severe  than  Pt/C  catalyst,  which 
might  lead  to  the  kinetic  loss;  (ii)  amount  of  cobalt  or  platinum 
dissolution  and  their  impacts  on  catalyst  activity. 

Fig.  9  displays  cathode  EC  As  of  the  PtCo/C  MEA  and  the 
Pt/C  MEA  as  a  function  of  cycle  number.  As  evident  in  the 
figure,  ECAs  of  both  PtCo/C  MEA  and  Pt/C  MEA  decreased 
with  increasing  cycling  number.  It  is  believed  that  this  was 
caused  by  the  platinum  dissolution  and  recrystallization  dur¬ 
ing  testing.  It  is  also  noted  that  initial  ECA  of  67m2g-1 
for  the  Pt/C  MEA  was  greater  than  that  of  42m2g-1  for 
the  PtCo/C  MEA,  and  the  rate  in  ECA  decreased  in  the  first 
800  cycles  was  much  greater  for  the  Pt/C  MEA  than  for  the 
PtCo/C  MEA.  This  agrees  with  Darling’s  model  prediction 
[27]  on  that  a  smaller  platinum  particle  size  (i.e.,  larger  ECA), 
a  higher  platinum  dissolution  rate,  and  a  greater  ECA  loss.  A 
cell  performance  loss  can  be  estimated  from  the  variation  of 
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Fig.  7.  EMPA  images  of  PtCo  ME  A  (a)  before  potential  cycling  and  (b)  after  potential  cycling. 
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Fig.  8.  EMPA  images  of  Pt  MEA  (a)  before  potential  cycling  and  (b)  after  potential  cycling. 
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Fig.  9.  ECA  as  a  function  of  cycle  numbers  of  PtCo/C  and  Pt/C  MEAs. 

EC  A  value  by  a  modified  Bulter-Volmer  equation  [28], 

AV  =  67  x  log  (!) 

where  A  V  is  the  cell  voltage  drop  due  to  a  loss  of  platinum 
surface  area,  67  mV  per  decade  is  a  Tafel  slope  at  65  °C  and 
1  atm  (absolute).  a\  and  a 2  are  the  EC  As  before  and  after, 
respectively.  With  a  variation  of  ECA  of  67m2g_1  before 
and  55  m2  g-1  after  1st  400  cycles  for  the  Pt/C  MEA,  the  cell 
voltage  loss  is  estimated  to  be  5.7  mV.  Similarly,  the  perfor¬ 
mance  drop  due  to  ECA  loss  is  calculated  to  be  2.53  mV  for 
the  PtCo/C  MEA  in  the  same  cycles.  Clearly,  the  performance 
drop  of  the  PtCo/C  MEA  was  less  than  that  of  the  Pt/C  MEA 
and  this  does  not  explain  why  there  was  a  higher  performance 
decay  rate  of  the  PtCo/C  MEA  than  the  Pt/C  MEA  in  the  1  st 
400  cycles. 

To  investigate  how  cobalt  or  platinum  dissolves  during  po¬ 
tential  cycling,  a  test  with  the  same  protocol  as  shown  above 
was  conducted  on  a  Teflon-bonded  electrode  of  the  PtCo  cat¬ 
alyst  in  a  liquid  cell  of  0.1  M  HCIO4  acid  and  with  a  three- 
electrode  system  at  25  °C.  In  the  three-electrode  system,  the 
PtCo/C  catalyst  bonded  with  Teflon  was  used  as  a  working 
electrode,  a  platinum  wire  as  a  counter,  and  H2/Pt  as  a  refer¬ 
ence  electrode.  The  Pt  loading  of  the  catalyst  electrode  was 
0.1  mg  cm-2  and  the  geometric  area  of  electrode  was  1  cm2. 
The  perchloric  acid  electrolyte  was  periodically  taken  out 
from  the  liquid  cell  for  Co2+  and  Pt2+  concentration  analysis 
(with  ICP  method)  after  each  400  cycles  and  new  HCIO4  acid 
was  placed  in  the  liquid  cell  for  the  next  testing  cycle.  Fig.  10 
presents  the  Co2+  concentration  as  a  function  of  cycling  num¬ 
ber.  It  is  noted  that  13.9  mol%  cobalt  dissolved  in  the  1st  400 
cycles.  The  amount  of  cobalt  dissolution  was  reduced  subse¬ 
quently  and  leveled  off  to  approximately  6%  after  800  cycles. 
This  result  was  coincidental  with  a  high  performance  loss  in 
the  1st  400  cycles  and  lower  loss  in  subsequent  cycles,  as 
shown  Fig.  5(a).  ICP  analysis  results  also  indicated  that  the 
amount  of  platinum  ion  was  not  sufficient  for  detection  from 
the  acid  solution  at  each  400  cycles,  indicating  that  amount  of 
platinum  dissolution  was  much  smaller  than  cobalt.  These  re¬ 
sults  suggest  that  the  higher  performance  loss  of  PtCo/C  MEA 


Fig.  10.  Cobalt  dissolution  as  a  function  of  cycling  number  of  PtCo/C  elec¬ 
trode  in  a  liquid  cell  of  0.1  M  HCIO4.  The  cycling  test  was  conducted  at 
25  °C. 

at  1  st  400  cycles  might  be  related  to  a  significant  amount  of 
cobalt  dissolution  instead  of  platinum  dissolution.  To  further 
confirm  the  loss  of  cobalt  from  the  PtCo/C  alloy,  XRD  analy¬ 
sis  was  conducted  to  determine  the  platinum  lattice  parameter 
of  the  alloy  samples  before  any  cycle  and  after  2400  cycles 
and  the  results  are  illustrated  in  Table  2.  It  is  seen  that  the  lat¬ 
tice  parameter  of  PtCo/C  catalyst  increased  from  0.382  nm 
of  before  cycling  to  0.387  nm  of  after  cycling,  which  led  the 
alloy  more  platinum  like  in  composition  (lattice  parameter 
of  platinum  is  0.392  nm).  The  liquid  cell  data  and  the  XRD 
result  confirm  that  cobalt  dissolution  occurs  over  potential 
cycles  and  the  alloy  crystal  structure  altered  as  well. 

To  determine  how  the  cobalt  dissolution  affects  the  oxy¬ 
gen  reduction  kinetics,  variation  of  intrinsic  activity,  i.e.,  mass 
activity  and  specific  activity,  for  both  PtCo/C  and  Pt/C  cata¬ 
lysts  over  cycles  were  investigated.  The  mass  activity  (A  g-1 
Pt)  was  obtained  from  a  current  density  at  0.9  V  of  H2/O2 
performance  curve  and  specific  activity  (A  m-2  Pt)  was  cal¬ 
culated  from  the  ratio  of  mass  activity  to  the  ECA  values 
in  the  corresponding  cycles.  Fig.  11  displays  the  results.  As 
evident  in  Fig.  1 1 ,  the  mass  activities  of  PtCo/C  and  Pt/C  de¬ 
creased  over  cycles  and  no  profound  loss  in  mass  activity  of 
PtCo/C  over  Pt/C  catalyst  was  found  over  2400  cycles.  How¬ 
ever,  an  opposite  variation  in  the  specific  activity  of  PtCo/C 
and  Pt/C  catalyst  was  observed  in  the  1st  400  cycles,  i.e.,  the 
specific  activity  of  PtCo/C  decreased  about  5%  from  4.60  to 
4.36  Am-2  Pt,  while  Pt/C  increased  about  10%  from  1.46  to 
1 .60  A  m-2  Pt.  The  trend  of  specific  activity  for  Pt/C  catalyst 
over  400  cycles  agrees  well  with  Kinoshita’s  result  [29]  in 
that  the  specific  activity  increases  with  increasing  platinum 
particle  size  at  longer  cycles.  The  opposite  trend  of  specific 

Table  2 


Lattice  parameters  of  PtCo  catalyst  before  and  after  potential  cycling 


Catalyst 

Lattice  parameter  (nm) 

Pta 

0.392 

Coa 

0.355 

PtCo/C  (before  cycled) 

0.382 

PtCo/C  (after  cycled) 

0.387 

a  Data  were  taken  from  Ref.  [30]. 
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Fig.  1 1 .  Mass  activity  and  specific  activity  of  PtCo/C  and  Pt/C  catalyst  over  cycles.  Data  were  extracted  from  the  current  density  at  0.9  V  of  H2/O2  curves  after 
potential  cycles.  The  flow  rates  of  H2  and  O2  were  500  and  1000  cm3  min-1 ,  respectively.  The  cell  temperature  was  65  °C. 


activity  for  PtCo/C  catalyst  suggests  that  a  factor  in  addition 
to  the  particle  size  predominantly  contributes  to  the  activity 
loss.  Based  on  the  liquid  cell  investigation  and  XRD  results,  it 
is  reasonable  to  induce  that  cobalt  dissolution  leads  to  the  loss 
of  specific  activity  of  PtCo/C  catalyst  in  the  1st  400  cycles.  It 
is  also  noted  in  Fig.  1 1  that  the  specific  activities  of  PtCo/C 
catalyst  after  400  cycles  increases  with  cycles,  a  same  trend 
as  in  Kinoshita’s  result.  This  suggests  that  platinum  particle 
size  in  addition  to  the  cobalt  dissolution  contributes  to  the 
variation  of  specific  activity  after  400  cycles. 

To  determine  what  really  caused  the  more  substantial  per¬ 
formance  loss  of  Pt/C  ME  A  over  the  PtCo/C  ME  A  for  2400 
cycles,  cell  voltage  drops  at  various  cycles  were  calculated 
from  the  corresponding  EC  A  values  (presented  in  Fig.  9)  us¬ 
ing  the  Eq.  (1)  and  are  displayed  in  Fig.  12.  The  actual  cell 
voltage  drops  were  presented  in  the  figure  as  well  for  com¬ 
parison.  The  actual  cell  voltages  were  taken  at  0. 1  A  cm-2  of 
H2/O2  curves  after  potential  cycles  and  the  variation  of  cell 
voltage  assumedly  reflects  only  the  kinetic  loss  of  catalyst. 


Fig.  12.  Comparison  of  cell  voltage  losses  of  Pt/C  and  PtCo/C  MEAs  esti¬ 
mated  from  the  ECA  values  with  the  actual  cell  data.  The  actual  cell  voltages 
were  taken  at  0.1  A  cm-2  of  H2/O2  curves  after  potential  cycles.  The  flow 
rates  of  H2  and  O2  were  500  and  1000  cm3  min-1,  respectively.  The  cell 
temperature  was  65  °C. 


As  evident  in  Fig.  12,  the  cell  voltage  drops  of  Pt/C  MEA 
estimated  from  values  of  ECA  loss  is  agreeable  to  the  cell 
data  up  to  1200  cycles,  indicating  that  the  performance  loss 
of  Pt/C  MEA  was  mainly  resulted  from  the  ECA  loss.  This 
result  generally  agrees  with  Patterson’s  result  and  the  ECA 
loss  was  mainly  due  to  the  platinum  dissolution  and  recrystal¬ 
lization.  As  illustrated  by  Kinoshita  [29],  the  lower  the  ECA, 
i.e,  the  greater  the  platinum  particle  size  (when  greater  than 
3  nm),  then  the  smaller  the  mass  activity,  i.e,  the  lower  the 
kinetics,  and  eventually  the  lower  the  cell  voltage.  The  cell 
voltage  drop  of  Pt/C  MEA  after  1200  cycles  estimated  from 
the  ECA  loss  was  greater  than  the  cell  data,  indicating  that 
other  factors  in  addition  to  the  ECA  loss  contributed  to  the 
cell  performance  loss.  Based  on  the  EMPA  analysis,  it  was 
suspected  that  the  platinum  precipitation  in  the  membrane 
was  a  possible  factor  for  this  because  increased  membrane 
resistances  were  observed  in  the  corresponding  cycles.  On 
the  other  hand,  the  cell  voltage  drops  of  the  PtCo/C  MEA 
among  2400  cycles  estimated  from  the  ECA  values  was  dis¬ 
parate  from  the  actual  cell  data  up  to  1200  cycles,  indicating 
that  the  ECA  loss  was  not  the  only  factor  for  the  performance 
loss  in  the  PtCo/C  MEA.  Based  on  the  experimental  data  in 
Fig.  10  and  the  corresponding  analysis,  it  is  induced  that  the 
activity  loss  due  to  cobalt  dissolution  is  a  substantial  factor 
that  contributes  to  the  performance  loss  of  the  PtCo/C  MEA. 


4.  Conclusions 

The  durability  of  the  PtCo/C  cathode  catalyst  has  been 
evaluated  in  a  dynamic  fuel  cell  environment  with  contin¬ 
uous  water  fluxing  on  the  cathode.  A  potential  cycling  test 
between  0.87  and  1.2  V  versus  RHE  was  applied  to  the  sys¬ 
tem  to  illustrate  how  cobalt  or  platinum  dissolution  might 
affect  the  cell  performance.  The  results  indicate  that  cobalt 
dissolution  neither  detrimentally  reduces  the  cell  voltage  nor 
dramatically  affects  the  membrane  conductance.  Cell  perfor¬ 
mance  enhancement  by  PtCo/C  over  Pt/C  catalyst  has  been 
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sustained  over  2400  cycles.  Potential  cycle  testing  has  been 
shown  to  accelerate  cobalt  dissolution  as  indicated  in  a  sub¬ 
stantial  loss  of  catalyst  activity  in  the  1  st  400  potential  cycles. 
The  performance  losses  of  the  Pt/C  ME  A  over  1200  cycles 
were  mainly  resulted  from  the  ECA  loss  due  to  the  platinum 
recrystallization,  while  the  performance  losses  of  the  PtCo/C 
MEA  were  resulted  from  the  activity  loss  due  to  the  cobalt 
dissolution  as  well  as  the  ECA  loss. 
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